Several lines of evidence indicate that mitochondrial reactive oxygen species (ROS) generation is the major source of oxidative stress in the cell. It has been shown that ROS production accompanies cytochrome c release in different apoptotic paradigms, but the site(s) of ROS production remain obscure. In the current study, we demonstrate that loss of cytochrome c by mitochondria oxidizing NAD + -linked substrates results in a dramatic increase of ROS production and respiratory inhibition. This increased ROS production can be mimicked by rotenone, a complex I inhibitor, as well as other chemical inhibitors of electron flow that act further downstream in the electron transport chain. The effects of cytochrome c depletion from mitoplasts on ROS production and respiration are reversible upon addition of exogenous cytochrome c. Thus in these models of mitochondrial injury, a primary site of ROS generation in both brain and heart mitochondria is proximal to the rotenone inhibitory site, rather than in complex III. ROS production at complex I is
INTRODUCTION
In multiple apoptotic paradigms, oxidative stress accompanies activation of the mitochondria-linked death signal cascade that includes cytochrome c release as a commitment step (e.g. see [1] [2] [3] for review). The causative link between cytochrome c release and reactive oxygen species (ROS) production is still debated owing in part to a limited understanding of the mechanisms of mitochondrial ROS production. Due to the documented antioxidant functions of cytochrome c [4, 5] , one might propose that increased cellular ROS production during apoptosis results from the loss of the antioxidant function of cytochrome c at the mitochondria. Alternatively, loss of cytochrome c from mitochondria results in reversible inhibition of respiration [6] that may potentiate ROS production through reduction of a proximal site in the electron transport chain (e.g. [2] ). In fact, stimulation of ROS production accompanying cytochrome c release and inhibition of mitochondrial respiration has been shown in apoptotic [7] and excitotoxicity [8] models. However, there are data to the contrary that depletion of isolated mitochondria of cytochrome c strongly inhibits H # O # production. In this instance, the mitochondria were oxidizing succinate and were exposed to antimycin A [9] .
With regard to mechanistic aspects of mitochondrial ROS generation, the studies following pioneering work by Boveris and Chance [10] pin-pointed auto-oxidation of the ubisemiquinone radical of coenzyme Q located in the o-centre of complex III as Abbreviations used : FCCP, p-trifluoromethoxyphenylhydrazone carbonyl cyanide ; β-HOB, D-β-hydroxybutyrate ; ROS, reactive oxygen species ; *ROS site, site of superoxide generation. 1 To whom correspondence should be addressed (e-mail murphya!mitokor.com).
critically dependent upon a highly reduced state of the mitochondrial NAD(P) + pool and is achieved upon nearly complete inhibition of the respiratory chain. Redox clamp experiments using the acetoacetate\-β-hydroxybutyrate couple in the presence of a maximally inhibitory rotenone concentration suggest that the site is approx. 50 mV more electronegative than the NADH\NAD + couple. In the absence of inhibitors, this highly reduced state of mitochondria can be induced by reverse electron flow from succinate to NAD + , accounting for profound ROS production in the presence of succinate. These results lead us to propose a model of thermodynamic control of mitochondrial ROS production which suggests that the ROS-generating site of complex I is the Fe-S centre N-1a.
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the mechanism of superoxide generation in mitochondria oxidizing succinate and treated with antimycin A [9, 11, 12] . In this instance, ubiquinol is oxidized in a sequential two-step electron transfer reaction with the first electron donated to the ironsulphur Rieske protein and the second one to cytochrome b of complex III (see [13] for a review). Antimycin A indirectly prevents the second step, resulting in accumulation of ubisemiquinone, and hence increases ROS generation [10, 14] . Inhibitors blocking the first step either directly (myxothiazol, stigmatellin) or indirectly through downstream inhibition of electron flow (complex IV inhibitors or cytochrome c depletion) prevent ROS production at this site [9, 12, 15] . In the latter case, this inhibition is due to reduction of the Fe-S cluster in the Rieske protein and therefore to inhibition of ubisemiquinone formation. A second source of ROS production in the electron transport chain has been attributed to complex I [15] but the precise nature of the site and its contribution to mitochondrial ROS production remain obscure. A puzzling observation reported in several studies of mitochondria from different tissues is that, in the absence of antimycin A, ROS production in the presence of NAD + -linked substrates is barely detectable, whereas succinatesupported respiration results in high rates of H # O # production (e.g. [16, 17] ). The latter mechanism involves reverse electron flow from succinate to NAD + , providing reducing equivalents to a redox carrier of complex I that serves as a site of ROS production (e.g. [16] [17] [18] [19] [20] ). The process is inhibited by rotenone, blocking electron flow between the ubiquinone and the iron-sulphur centre N-2 [15, 17, 19, [21] [22] [23] . Given the fact that the primary source of reducing equivalents to the mitochondrial respiratory chain is NADH rather than FADH # , the relevance of succinate-supported ROS production remains unclear.
The objective of the present study was to explore the mechanistic link between cytochrome c release and ROS generation by using intact isolated heart and brain mitochondria energized with physiologically relevant NAD + -linked respiratory substrates as a source of reducing equivalents. Here we show that extraction of cytochrome c significantly stimulates ROS production in mitochondria in the presence of glutamate and malate. To identify the site of ROS production, a comparison with the effects of specific inhibitors of mitochondrial respiration was performed and corresponding NADH levels were measured. In addition, an oxidation\reduction clamp was used to estimate the redox potential of the site. Some of these results have been presented in abstract form [24] .
MATERIALS AND METHODS

Preparation of mitochondria
Brain mitochondria were isolated by differential centrifugation from rat forebrains using the method of Rosenthal et al. [25] with minor modifications [26] . This method, which employs digitonin to disrupt synaptosomes, yields a preparation of brain mitochondria including both synaptosomal and non-synaptosomal fractions. Heart mitochondria (a mixture of interfibrillar and subsarcolemmal organelles) were isolated by differential centrifugation according to published protocols [27] , with the following modifications. The isolation buffer contained 250 mM mannitol, 70 mM sucrose, 5 mM Hepes\KOH, pH 7.4, 1 mM EGTA and 0.1 % BSA (fatty acid free). The mitochondrial pellet was washed once and resuspended in the isolation buffer without EGTA. The protein contents in the mitochondrial suspensions were 20-30 and 30-40 mg\ml for brain and heart respectively.
Cytochrome c-depleted mitochondria were prepared using the osmotic shock\high-salt extraction procedure as described by Turrens and co-workers [9] .
Incubation conditions
For measurements of ROS generation, NADH, and oxygen consumption, mitochondria were incubated at 0.25 or 0.4 mg\ml (as indicated in the Figure legends) at 25 mC in a basal incubation medium containing 250 mM sucrose, 10 mM Hepes\KOH, pH 7.4, 25 µM EGTA and 2 mM phosphate, supplemented with either a mixture of 5 mM glutamate and 5 mM malate or with 5 mM succinate alone as respiratory substrates.
Oxygen consumption and NADH measurements
Oxygen consumption was measured using a Clark-type oxygen electrode (Diamond General) and an oxygen meter (Yellow Spring Instruments). NAD(P)H was measured by fluorescence at 340\460 nm in an LS50B spectrofluorometer (Perkin Elmer) and calibrated using 0. 
Redox titration
For the redox titration experiments, 0.8 mg of mitochondria were preincubated in 1.5 ml of the basal incubation medium without respiratory substrates for 10 min at 25 mC. At the end of this time period, 2 µM rotenone was added, followed by additions of 0.5 ml of the medium containing -β-hydroxybutyrate (β-HOB, 99 % purity ; Aldrich) to attain a final composition of 187.5 mM sucrose, 35 mM β-HOB, 20 mM Hepes\KOH, pH 7.4, 25 µM EGTA, 2 mM phosphate, the H # O # detection system (see above) and various concentrations of acetoacetate to establish appropriate redox states of mitochondrial NAD(P)H. The samples were transferred into a 96-well plate, and the reaction rates were monitored in the Polarstar plate reader for 10 min.
Western blot for cytochrome c
The amount of cytochrome c in mitochondria was assessed by Western blot. Aliquots of samples from respiration experiments were run on 4-12 % Mes NuPage gels (Novex) for 42 min at 200 V and 4 mC. The subsequent wet electrotransfer to nitrocellulose membrane was performed using a Novex system with 5 % methanol in the transfer buffer for 1 h at 30 V. The transfer efficiency was confirmed by post-transfer staining of the gel and the membrane with EasyStain (Novex) and Ponceau S respectively. The membrane, washed of the residual stain with Tris-buffered saline with 0.2 % Tween-20 (TBS-T), was blocked overnight with 1.5 % dried milk in TBS-T. Cytochrome c was immunostained using primary mouse cytochrome c antibody (Pharmingen) at a 1 : 2000 dilution in TBS-T with 1.5 % milk for 1 h. Following incubation with secondary anti-mouse Ig linked to horseradish peroxidase (Amersham) at a 1 : 2000 dilution for 40 min, the band was visualized using luminol reagent and X-ray film.
Reagents
Reagents were from Sigma unless indicated otherwise.
RESULTS
Cytochrome c release causes ROS production in a site proximal to the rotenone inhibitory site in complex I
The high sensitivity of the Amplex Red assay permitted detection of low rates of ROS production by mitochondria oxidizing glutamate and malate ( Figure 1A and Table 1 ). As expected, rates of succinate-supported ROS production were dramatically higher ( Figure 1A and Table 1 ). As shown in Figure 1 (A), cytochrome c depletion significantly stimulated ROS production Complex I-mediated reactive oxygen species generation (7) 231p45 (4) in mitochondria in the presence of glutamate and malate, and this effect was reversed upon the addition of exogenous cytochrome c. Western blot data confirmed that mitochondria that had undergone the osmotic shock\high-salt extraction procedure lost a significant portion of the total pool of cytochrome c ( Figure 1B ). This treatment resulted in partial and reversible inhibition of respiration ( Figure 1C ). It should be noted, however, that the extent of inhibition of respiration by cytochrome c depletion and, accordingly, the enhancing effects on ROS production, were variable between mitochondrial preparations (Table 1) . Interestingly, cytochrome c depletion stimulated ROS in mitochondria oxidizing glutamate plus malate, but not in those oxidizing succinate. In fact, inhibition of respiration by cytochrome c depletion decreased succinate-supported ROS generation ( Table 1 ). The latter observation is consistent with the requirement of a high membrane potential for succinatesupported ROS production in the absence of antimycin A (e.g. [10, [16] [17] [18] [28] [29] [30] ). Exogenous cytochrome c did not inhibit ROS 
270p46 (5) 448p56 (4) production in cytochrome c-depleted mitochondria oxidizing succinate (results not shown). Thus the observed changes in ROS generation caused by cytochrome c release are related to cytochrome c-linked electron transport rather than to direct radicalscavenging activity of cytochrome c. As shown in Table 1 , cytochrome c depletion produces similar changes in ROS production in both heart and brain mitochondria.
The effect of cytochrome c release can be mimicked qualitatively by different site-specific inhibitors of the respiratory chain (Table 2 ). In agreement with previous observations, ROS production was stimulated in the presence of NAD + -linked substrates and either rotenone [15, 17, 20, 31, 32] or MPP + (1-methyl-4-phenylpyridinium) [33] , both of which are complex I inhibitors. Furthermore, myxothiazol and stigmatellin, the inhibitors that likewise inhibit ROS production in complex III, also stimulated H # O # generation in the presence of glutamate and malate. Again, no qualitative differences between heart and brain mitochondria were observed in these models.
The absolute rates of ROS production in cytochrome c-depleted mitochondria (Table 1) are lower then those observed with respiratory inhibitors (Table 2) . This difference is consistent with retention of a minor fraction of cytochrome c ( Figure 1B ) and therefore measurable, although decreased, respiratory activity ( Figure 1C ). In contrast, the concentrations of the inhibitors that were used caused complete respiratory inhibition.
Taken together, these data suggest that there is a common mechanism leading to ROS production in response to cytochrome c release and to the addition of inhibitors that block electron flow in different segments of the respiratory chain. Since downstream inhibition of electron flow leads to reduction of all upstream carriers because of mass action, this common mechanism appears to be the reduction of a carrier upstream of the most proximal inhibitory site (the rotenone-binding site). The current literature accepts that this site is located in complex I of the respiratory chain (e.g. [15] [16] [17] 23, 32, [34] [35] [36] ).
Near-maximal reduction of mitochondrial NAD(P)
T is required for active ROS production
To assess the status of the proximal redox components we measured NAD(P)H levels. In a representative experiment shown in Figure 2 (A), the NAD(P)H level in energized cytochrome c-depleted mitochondria oxidizing glutamate and malate is higher than in control mitochondria, a result that is consistent with significant inhibition of respiration as shown in Figure 1 . As expected, additions of FCCP and rotenone to cytochrome c-depleted mitochondria caused minimal changes in the NAD(P)H level. These data, combined with those of Figure 1 and Table 1 , indicate that near-maximal reduction of NAD(P) + in cytochrome c-depleted mitochondria is associated with increased ROS production, whereas the moderately lower levels of NAD(P)H in control mitochondria correspond to very low rates of ROS production. A similar enhancement of NAD(P)H levels was observed in the presence of succinate versus NAD + -linked substrates ( Figure 2B ). We suggest that this enhanced level of reduction of pyridine nucleotides accounts for the higher rates of ROS production supported by reverse electron transport from succinate when compared with conditions of forward electron flow in the presence of NAD + -linked substrates ( Table 1) .
As noted above, stimulation of ROS production in cytochrome c-depleted mitochondria was generally lower than in the presence of respiratory inhibitors and was variable between preparations owing to the variable residual cytochrome c ( Figure 1B ). Therefore, the use of respiratory inhibitors represented a more quantitatively consistent approach to study the mechanism of ROS production. Among those inhibitors, we have chosen rotenone Complex I-mediated reactive oxygen species generation
Figure 3 Dose-dependence of rotenone-induced ROS production, respiratory inhibition and NAD(P) T reduction in heart mitochondria in metabolic State 3 (left-hand panel) and State 4 (right-hand panel)
To induce State 3, mitochondria were incubated in the presence of 200 µM ADP, 1 mM MgCl 2 , 10 mM glucose and 2 units/ml hexokinase. Concentration of mitochondrial protein was 0.4 mg/ml. ROS generation is expressed as a percentage of the rate in the presence of 2 µM rotenone, respiration as a percentage of the maximal rate in metabolic State 3, and NAD(P)H levels as a percentage of the maximal fluorescence. Other details were as specified in the Materials and methods section.
because it offered the additional advantage of being clinically relevant to Parkinson's disease [37] .
ROS production in a site proximal to the rotenone inhibitory site
In agreement with earlier studies with submitochondrial membrane preparations [34, 38] , our data [24] and the data of others [39] on intact mitochondria indicated that near-complete respiratory inhibition by rotenone was required to detect even slightly increased ROS production. To address this paradox, we measured the redox status of upstream electron carriers relative to NAD(P)H levels. The data of Figure 3 show the similarity in the rotenone dose-responses of rates of ROS production in mitochondria that are either in metabolic State 3 (ADPstimulated respiration) or 4 (resting respiration). Although in the absence of rotenone the NAD(P)H levels in the two metabolic states are dramatically different, note that the rates of ROS production are similarly low. In both states, stimulation of ROS generation begins only when rotenone increases the degree of NAD(P) + reduction to nearly maximal levels, and that these levels correspond to almost complete respiratory inhibition. This, in fact, may also be the mechanism underlying the significant difference in rates of glutamate\malate-supported ROS production in response to respiratory inhibitors versus that in response to cytochrome c depletion (Table 1) .
Thus the rate of ROS production appears to be regulated by the NAD(P)H level, but this regulation begins only as pyridine nucleotides reach approx. 85 % of the maximally reduced level. In slightly less reduced states (e.g. with the lowest concentrations of rotenone in state 4), the rate of ROS generation is low and largely independent of NAD(P)H level. These data could indicate that ROS production is controlled by the NAD(P)H\NAD(P) + ratio, rather than simply the NAD(P)H level. Thus the ROSgenerating site may be a highly negative redox centre under thermodynamic rather than kinetic control from component(s) of mitochondrial oxidative metabolism upstream of the rotenonebinding site in complex I (see the Discussion). To further characterize the putative ROS-generating site, we attempted determination of its midpoint potential using a redox titration approach.
Redox titration of ROS generation
The mitochondrial inner membrane prevents direct manipulation with the state of pyridine nucleotides. Therefore the β-HOB\ acetoacetate redox couple was used to poise NAD(P) + \ NAD(P)H. Preliminary experiments demonstrated that rat heart mitochondria started to swell and lose respiratory control at levels of β-HOB in excess of approx. 25 % of total osmolarity (results not shown). Therefore, the substrate concentration was restricted to the maximal tolerable level of 35 mM.
Mitochondria from different tissues are capable of the reversible oxidation of β-HOB by NAD + (eqn 1). Although activity of the specific dehydrogenase in heart mitochondria is approx. 10 % of its activity in liver mitochondria [40] , our experiments with rotenone-treated mitochondria show that the steady-state levels of NAD(P)H were established within approx. 10-15 min after addition of the redox couple (results not shown). This result indicates that the equilibrium can be reached within the normal time frame of our experiment and that the couple is appropriate for redox titration.
Data in the literature on the redox properties of the β-HOB\ acetoacetate couple are variable. We first undertook to estimate the apparent equilibrium constant (K eq ) and midpoint potential (E "/# ) for the couple in intact mitochondria by measuring NAD(P)H levels at different redox potentials of this couple. Our
Figure 4 Redox titration of the proximal site of ROS production in rotenone-treated mitochondria
ROS generation was expressed as a percentage of the rate in the presence of β-HOB alone and NAD(P)H levels were expressed as a percentage of maximal fluorescence. The concentration of mitochondrial protein was 0.4 mg/ml. Other details were as specified in the Materials and methods section. $, Rate of ROS generation ; >, NAD(P)H level ; dashed line, calculated equilibrium NADH level based on the pH-corrected literature equilibrium constant ; solid line, theoretical titration curve of the single-electron redox centre with E 1/2 l k392 mV. AcAc, acetoacetate.
results (K (.! eq l 0.0269 and E (.! "/# l k274 mV, assuming the conventional value of NAD(P)H\NAD(P) + redox potential of k320 mV) were consistent with the equilibrium constant determined for the free enzyme in Krebs' laboratory [40] . The value of the constant in the literature (K (.! eq l 0.0493 [40] ) corresponds to a redox potential of k281 mV at pH 7.0. Given the fact that the equilibrium in this system is shifted towards substrates, special precautions were taken to minimize the possible bias of redox titration by endogenous levels of acetoacetate (see the Materials and methods section).
The literature equilibrium constant has been corrected for the difference between the standard pH of 7.0 and the experimental pH of 7.4 (eqn 2) :
where ∆pH is the difference between the experimental pH and pH 7.0. The pH-corrected K eq and E "/# were therefore 0.124 and k305 mV respectively.
Next, we performed a redox titration of the rate of H # O # production ( Figure 4) . Evidently, low concentrations of acetoacetate strongly inhibit rotenone-stimulated ROS production in the presence of β-HOB. To illustrate this point, both the measured NAD(P)H levels and the calculated equilibrium NADH levels based on the pH-corrected literature equilibrium constant (see above) were plotted alongside one another in Figure 4 . Similar to the rotenone titration data of Figure 3 , the left shift in the plot of ROS production relative to the NADH redox curve is consistent with the existence of a ROS-generating redox centre with a more negative E "/# compared with NADH\NAD + . The solid line on Figure 4 represents the theoretical titration curve of the single-electron redox centre with E "/# l k392 mV.
DISCUSSION
The link between cytochrome c release and ROS production
Although both cytochrome c release and oxidative stress are implicated in various in i o and in itro pathological conditions, less is known about the actual causative link between the two phenomena. In the current study, we show that ROS production is increased in cytochrome c-depleted mitochondria oxidizing physiologically relevant NAD + -linked substrates, and that this stimulatory effect can be mimicked with respiratory inhibitors. Inhibition of respiration and stimulation of ROS production observed in cytochrome c-depleted mitochondria are reversible upon addition of exogenous cytochrome c. The respiratory inhibition leads to reduction of electron carriers upstream of cytochrome c, as indicated by NAD(P)H levels. These carriers include both complexes III and I but the similarities with and among the effects of respiratory inhibitors (Tables 1 and 2 , and Figure 2 ) indicate that ROS is generated at a site proximal to the rotenone-binding site. This is consistent with the fact that cytochrome c loss inhibits rather than enhances ROS production in complex III (in response to antimycin A) [9] . Because the terminal segment of the respiratory chain has an excess activity over more proximal portions [41] [42] [43] , one could predict that only substantial cytochrome c loss would cause detectable changes in the rate of respiration. The current data suggest that near-complete loss of cytochrome c would indeed enhance ROS production at complex I. Recent publications have reported profound release of cytochrome c [44, 45] during Fas-, actinomycin D-and staurosporine-activated apoptosis, although the extent of respiratory inhibition resulting specifically from the cytochrome c loss is limited [45] . We have observed that Ca# + -induced cytochrome c release from brain or neural cell mitochondria is only partial and can lead to mild respiratory inhibition (A. Y. Andreyev, G. Fiskum and A. N. Murphy, unpublished work). Mild respiratory inhibition was observed in cells undergoing apoptosis accompanied by cytochrome c release and increased ROS generation [7] . In contrast, the rotenone titration data (Figure 3) show that increased ROS generation requires near-complete respiratory inhibition and NAD(P) + reduction. Taken together, these data suggest that either partial respiratory inhibition associated with increased ROS results from nearcomplete cytochrome c loss in a subpopulation of mitochondria, or that there may be an indirect link between cytochrome c release and ROS production in intact cells undergoing apoptosis.
Comparative studies of heart and brain mitochondria have reported tissue-specific effects on H # O # production [20, 30] , whereas others did not observe such differences between these tissues [23, 46] . In our experiments, brain and heart mitochondria exhibited similar changes in ROS production in response to cytochrome c depletion and treatment with respiratory inhibitors, although rates of H # O # production in the presence of inhibitors were higher in brain mitochondria ( Table 2) .
Mechanism of the ROS production
Mechanisms of ROS production in mitochondria have been a topic of interest over the past decade, but few have concentrated on conditions using NAD + -linked substrates. Based on the results outlined above as well as on published data, we propose that the rate of ROS production in mitochondria is determined by an ROS-producing redox centre [the site of superoxide generation (*ROS site)] upstream of the rotenone inhibitory site. Similar to the mechanism of ROS production in the ubiquinone-binding site of complex III, the reduced form of this centre (*ROSd − ) interacts with molecular oxygen irreversibly (eqn 3) :
with kinetics typical of a bi-molecular mechanism (eqn 4) :
where k is the second-order rate constant. We assume, given the constant oxygen tension, that the reaction actually follows pseudo-first-order kinetics (eqn 5) with the rate simply being proportional to the concentration of the reduced *ROS site :
where kh is the pseudo-first-order rate constant (kh l k[O # ]). Therefore, the rate of ROS production can be used as a readout of the redox state of the *ROS site.
Further, we assume that the redox status of the *ROS site is under thermodynamic control of the NADH\NAD + couple (eqn 6). In this case, the reduction of the *ROS site is regulated by the NADH\NAD + ratio rather than the NADH level (eqns 7 and 8), consistent with a non-linear dependence of ROS production on the NAD(P)H level. Indeed, a large increase in NAD(P)H level from zero to approx. 85 % of maximal has a very slight effect on ROS production, whereas small changes above the 85 % level correspond to profound stimulation of ROS generation ( Figures  3 and 4) . Note that these small changes in NADH correspond to large changes in NAD + , the denominator in eqn (8) , and therefore large changes in the NADH\NAD + ratio. These results are inconsistent with the alternative model of simple kinetic control in which the rate of the reaction is always proportional to the level of substrate (i.e. NADH). In the kinetic control models, the regulation by the NADH\NAD + ratio could potentially arise from NAD + competing with NADH for a binding site but, given the low apparent affinity of NAD + for complex I [47] , this scenario seems unlikely. NADHj(2\n)*ROS NAD + j(2\n)*ROSd n− jH +
where n is number of electrons accepted by the *ROS site and
Therefore
where K eq 1. The assumption of the thermodynamic control of the *ROS site is also internally consistent given the fact that the rate of ROS production (below 300 pmol\min per mg of protein in heart mitochondria ; see Table 2 ) is very low compared with the rate of electron transport in the respiratory chain (around 100 nmol\min per mg of protein ; e.g. see Figure 1 ).
The requirement of a highly reduced state of NAD + to support ROS production indicates that reduction of the *ROS centre (eqn 6) is thermodynamically unfavourable, i.e. the equilibrium is shifted to the left (K eq 1) and E "/# of the *ROS site is more negative than NADH\NAD + . To estimate the E "/# value using the redox titration approach, β-HOB oxidation (eqn 1) was employed to generate NADH for eqn (6) resulting in the overall eqn (9) :
Regression analysis of the redox titration data (Figure 4) indicates that the *ROS site behaves as a single-electron redox centre (apparent n l 1.18) with an apparent standard potential, E (.% "/# , of k392 mV at our experimental pH of 7.4.
It is tempting to speculate, based on these redox properties, that the prime candidate for the *ROS site is the N-1a Fe-S centre in complex I (E (.# "/# l k380p20 mV, e.g. [48, 49] ). Although the role of this centre in electron transport and its ability to be reduced by NADH remains debatable, this is the only component of the respiratory chain with a redox potential substantially more negative than the NADH\NAD + couple. Redox titration of the *ROS site in intact mitochondria reported here is in fairly good agreement with the published results on more direct measurements of superoxide formation in submitochondrial particles using the NADH\NAD + redox couple [50] . In their data, the half-maximal superoxide production required a NADH\NAD + ratio of approx. 3, consistent with the concept of a more negative E "/# for the ROS-generating site compared with NADH. They observed a pH-dependent shift of the redox titration curve between pH 6.8 and 7.6, consistent with one proton being consumed rather than released in eqn (6), as would happen if the *ROS centre was protonated. If this is the case, eqn (6) converts into the form of eqn (10), consistent with reports in the literature that the N-1a Fe-S centre is capable of being protonated [51] . NADHj2*ROSjH + NAD + j2*ROSHd (10) In this case, the standard potential of the *ROS site must be less negative at pH 7.0, becoming E (.! "/# l k369 mV. One may speculate that, although mechanistically unnecessary, the highly negative redox potential of the N-1a centre evolved from a natural selection process to minimize ROS generation.
The alternative is that mitochondrial ROS generation in the presence of physiological substrates occurs outside of the res-piratory chain. For instance, Krishnamoorthy and Hinkle [50] discuss lipoamide dehydrogenase as an ' attractive possibility ', but rule it out based on low abundance of the enzyme in their preparation of submitochondrial particles. Presumption of complex I as being the source of mitochondrial ROS originated from the experiments with submitochondrial preparations (e.g. [15, 50] ) or isolated complex I [31, 52] , where the possible interference from non-respiratory chain components is much less likely. A recent publication [23] , which demonstrates inhibition of rotenone-induced ROS production by diphenyleneiodonium (' DPI '), a flavin-modifying agent with certain specificity towards FMN of complex I, suggests that the *ROS site in intact mitochondria is located at or downstream of a flavin. ROS production in the site proximal to the rotenone-binding site is completely inhibited by p-chloromercuriobenzoate [36] , a thiol reagent that blocks Fe-S clusters of complex I. Although the latter two results are in agreement with the concept of the Fe-S centre N-1a of complex I being the *ROS site, the low selectivity of both diphenyleneiodonium and p-chloromercuriobenzoate does not allow unequivocal identification of the site. The redox properties described above exclude reduced FMN itself as the *ROS site. If future studies favour the alternative location of the *ROS site, we would anticipate it to be a highly negative single-electron acceptor, probably an Fe-S cluster, linked to a flavin.
The understanding of the mechanism of ROS generation allows the potential design of novel therapeutic strategies to relieve oxidative stress. Conventional wisdom might dictate a beneficial effect of achieving the maximally reduced state of mitochondrial matrix components based on the requirement of reducing equivalents for the glutathione-dependent antioxidant system. This approach may need reassessment given the steep rise of ROS production at highly reduced states of mitochondrial NAD(P) + . Instead, it may be advantageous to aim at achieving a slightly oxidized (approx. 85 % reduced) state of NAD(P) + at which the ROS production virtually ceases while the reducing power is preserved to reduce glutathione. This strategy is complementary to the one proposed by Skulachev [53] , in which mild uncoupling serves to decrease the local concentration of free oxygen. The general approach in both cases would be essentially the same, i.e. to promote uncoupled and\or non-coupled respiration [54] . This concept is in keeping with an inherent protective mechanism of superoxide-induced stimulation of uncoupling protein activity that was recently proposed [55] . The particular choice of strategy is dependent upon the nature of the initial damage causing oxidative stress. In the case of a respiratory chain defect (e.g. profound cytochrome release), the tool of choice would be an electron-shuttling compound allowing bypass of the damaged site. Alternatively, if the initial damage leads to transition of mitochondria to metabolic State 4 (e.g. decreased supply of substrates for the ATP synthase or decreased energy utilization), ' mild uncoupling ' [53, 56] would be a strategy of choice.
